Luminescent forms of nanostructured silicon have received significant attention in the context of quantum-confined light-emitting devices thanks to size-tunable emission wavelength and highintensity photoluminescence, as well as natural abundance, low cost, and non-toxicity. Here, we show that red-emitting silicon nanocrystal (SiN) phosphors, obtained by electrochemical erosion of silicon, allow for effectively tuning the color of commercial light-emitting-diodes (LEDs) from blue to violet, magenta, and red, by coating the LED with polydimethylsiloxane encapsulating different SiN concentrations. High reliability of the tuning process, with respect to SiN fabrication and concentration, and excellent stability of the tuning color, with respect to LED bias current, is demonstrated through simultaneous electrical/optical characterization of SiN-modified commercial LEDs, thus envisaging exciting perspectives for silicon nanocrystals in the field of light-emitting applications. The research activity into the development of luminescent forms of silicon has now spanned two decades, driven by scientific interest, commercial potential, and technological advancement.
The research activity into the development of luminescent forms of silicon has now spanned two decades, driven by scientific interest, commercial potential, and technological advancement. 1 It is now well established that silicon crystallites of reduced dimensions, typically below 5 nm, emit light with high efficiency due to quantum confinement effect, with respect to inefficient light emission of bulk crystalline silicon. Canham 2 was the first to demonstrate in 1990 room-temperature photoluminescence from nanocrystallites of silicon (i.e., porous silicon) that were obtained by electrochemical erosion of crystalline silicon in acidic electrolytes. Many other methods were subsequently developed for the synthesis of luminescent nanostructured forms of silicon, including annealing of SiO x powder followed by etching in HF, 3 plasma synthesis, 4 solution reduction of SiCl 4 , 5 plasma etching of silicon and subsequent thermal oxidation. 6 In last two decades, a significant research effort has been paid to the demonstration of electroluminescence properties of silicon nanocrystals (SiNs), as well as to the development of both all-silicon and hybrid light-emitting-diodes (LEDs) exploiting SiNs. [7] [8] [9] [10] [11] However, despite the exceptionally high photoluminescence (PL) efficiency of SiNs, 9, 12, 13 electroluminescence efficiencies of SiN-LEDs have been reported to be significantly lower than those obtained using II-VI semiconductors and have not reflected the reported large photoluminescence efficiency values.
Very recently, SiNs with high PL quantum yield (about 17%), obtained by low-cost electrochemical erosion of crystalline silicon substrate, have been proposed as non-toxic phosphors for wavelength conversion in ultraviolet/blue LEDs. 14, 15 Wavelength conversion is a general technique, alternative to color mixing, which involves converting some or all of the LED output wavelengths into different visible wavelengths, with the main aim of achieving white-light LEDs. Ultraviolet/blue light from an LED is used to excite one or more wavelength converter materials, which are coated on top of the LED, that re-emit on different wavelengths. The balanced mixing of the excitation light with the light re-emitted by the wavelength converter materials results in the appearance of new colors and, possibly, in white light. A number of materials, usually rare-earth phosphors [16] [17] [18] [19] and, more recently, quantum dots [20] [21] [22] [23] have been employed so far as wavelength converters in ultraviolet/blue LEDs. Nonetheless, a major concern of such materials is their toxicity and effect on the environment, which pushes research attention towards the use of alternative materials, as well as to their synthesis/production.
Here, we show that SiN phosphors with strong and broad photoluminescence in the red portion of the spectrum, obtained by electrochemical erosion of silicon, allow for effectively tuning the color of commercial blue-LEDs from blue to violet, magenta, and red via wavelength conversion, by coating the LED with polydimethylsiloxane (PDMS) encapsulating different SiN concentrations. Good reliability of the tuning process, with respect to SiN fabrication and concentration, and excellent stability of the tuning color, with respect to LED bias current, is demonstrated through simultaneous electrical/optical characterization of a number of SiN-modified commercial LEDs. In spite of the huge research effort that has been paid so far to the use of SiNs for LED applications, the possibility of efficiently tuning the color of LEDs via wavelength-conversion by modulating the concentration of red-emitting SiN phosphors has never been reported. New exciting perspectives in the field of lightemitting applications of SiNs are envisaged by building on these results.
Figures 1(a)-1(c) show typical daylight optical pictures of a commercial blue-LED turned-off (a) and turned-on ((b) and (c)), before (b) and after (c) coating of the LED active area with 5 ll of PDMS encapsulating red-emitting SiNs. The color appearance of the light emitted from the LED turns from blue ( Fig. 1(b) ) to magenta ( Fig. 1(c) The color coordinates datapoints shift from blue to red remaining on a straight-line, thus suggesting that only the relative intensity between excitation blue-light and down-converted red-light changes with SiN concentration, while the line-shape of the emission spectrum is not significantly affected (as will be here on clarified). This implicitly demonstrates that the produced SiNs exhibit good reliability in terms of luminescent properties and, in turn, nanostructured morphology. The straight line best-fitting the color coordinate datapoints intercepts the white-light line in the region of warm white (about 1000 K), thus suggesting that by further increasing SiN concentration it is feasible to achieve warm white-light. This has noteworthy implications both from research and commercial points of view. 
in acidic electrolytes (HF(48%):ethanol(99.9%) ¼ 1:1 by vol.) using a two-steps process. The electrochemical etching is tuned to produce a network of SiNs with porosity (by definition, the ratio between dissolved and original silicon mass) of about 85% and thickness of 40 lm (Fig. 2(a), step 2) , in the first phase, and to perform the lift-off of the SiN network from the substrate and obtain a 40-lm-thick free-standing SiN membrane (Fig. 2(a), step 3) , in the second phase. In particular, in the first phase, an etching current density J w ¼ 300 mA/cm 2 is applied for 240 s, on the basis of preliminary experiments carried out to obtain relationships between etching current density J and porosity P as well as between etching time t and thickness d of the SiN network (see supplementary material 25 ). The etching current density is then increased to the electropolishing value J p ¼ 1260 mA/cm 2 for 10 s in the second phase. The two-steps process is repeated up to 12 times, thus producing 12 silicon nanocrystal membranes from the same silicon die. Thickness of the SiN membrane is tailored to comply with two opposite needs: increasing mechanical stability to allow the membrane withstanding the liftoff process without breaking; reducing self-absorption of light re-emitted by silicon nanocrystals when excited with blue-light. Figures 3(a) and  3(b) show typical scanning electron microscope (SEM) cross-sections, at two different magnifications (100 kÂ and 500 kÂ, respectively), of 1-lm-thick silicon nanocrystal network with porosity of 85%. The nanostructured morphology of the silicon nanocrystal network can be appreciated in Fig. 3(b) .
Each one of the SiN membranes resulting from the etching process is washed in ethanol and pentane, then all the membranes are collected into a small vial filled with 2 ml of deionized water and sonicated (at 40 kHz) for 4 h to get luminescent SiN microparticles with square-like shape and size of about 40 lm Â 40 lm Â 40 lm that can be easily handled for subsequent encapsulation into PDMS (Fig. 2(a),  step 5) . A sketch of a single SiN microparticle is shown in Fig. 2(b) , which also highlights the SiN network. Figures  3(c) and 3(d) show SEM images of a bunch of SiN microparticles, a two different magnifications (10 kÂ and 20 kÂ, respectively), obtained by dropping 1 ll of the solution resulting at the end of the sonication process on the clean surface of a silicon die. Good uniformity about size and shape of the SiNs is obtained after sonication. A storage time of a few hours after sonication allows SiN microparticles to deposit at the bottom of the vial. After deionized water is removed, a powder of SiN microparticles is obtained. The SiN microparticle powder is mixed with PDMS ( Fig. 2(a) , step 6) with the twofold aim of obtaining a PDMS composite encapsulating SiNs that can be easily and accurately placed on top of commercial LEDs, as well as preventing both aging and degradation of the luminescent particles due to environmental conditions (relative humidity, operation temperature, etc.). PDMS is prepared by Sylgard 184, which features low absorption in the visible region of the electromagnetic spectrum, as well as good stability over time, both in terms of mechanical and chemical properties from À45
C to 200 C. Three PDMS composites encapsulating different concentrations of SiN microparticles, namely, low, medium, and high, are produced to evaluate and quantify the effect of the red-emitting SiNs on both emission spectrum and color of commercial blue-LEDs. PDMS/SiN composites with high, medium, and low SiN microparticle concentrations are prepared using onefold, twofold, fourfold polymer volumes, respectively, to which all SiN microparticles resulting from the whole etching of a single silicon die are mixed with. For each specific SiN concentration, several commercial blueLEDs (InGaN Venus Blue LED, size 1.14 mm Â 1.14 mm) are modified by dropping 5 ll of the prepared PDMS/SiN composite on top of LEDs active area, which resulted in a PDMS/SiN composite coating with thickness of about 500 lm (Fig. 2(a), step 8) . PDMS curing of the as-modified LEDs is then carried out at 60 C for 4 h. An optical spectrophotometer is used for measurement of LED's spectral radiance in the visible region (380 nm-780 nm), both before and after modification with red-emitting SiNs. For all the tested LEDs, spectral radiance data are collected for different values of the bias current (40, 60, 80, 100, and 120 mA) and for two different solid angles (0.1 and 1 ). By changing the measurement angles, it is possible to change the size of the measurement area, which corresponds to a circular area with diameter of 0.1 mm and 1.0 mm for angles of 0.1 and 1 , respectively, at working distance of 7 cm. Spectral radiance allows to infer on photoluminescence properties of SiNs upon stimulation with the excitation light of blue-LEDs (centered at k ¼ 450 nm), as well as to compute x and y color coordinates and, in turn, to infer on color of SiN-modified LEDs. Figure 4 shows typical normalized radiance spectra of commercial blue LEDs before (Fig. 4(a) results. Possible contribution of PDMS to modification of the emission spectrum is ruled out by comparison of the spectral radiance of unmodified blue-LEDs and blue-LEDs coated with 5 ll of bare PDMS without SiNs (see supplementary material 25 ). The commercial blue-LEDs features a radiance spectrum with a single emission band centered at 450 nm with full-width at half maximum (FWHM) of 17 nm (Fig.  4(a) ). The radiance spectra of LEDs modified with SiNs exhibit two emission bands, one in the blue part of the visible range mainly due to the blue-LED emission and one in the red part of the visible range due to SiN emission upon excitation with the blue-LED light. The red emission band is centered around 670 nm with FWHM of about 120 nm (Figs.  4(c) and 4(d) ), which corresponds to photoluminescence of SiNs with average size of 2.9 nm, based on the assumption that quantum confinement effects dominate the observed photoluminescence. 12, 26, 27 Although most of the SiNs of the network show orange-red luminescence, a number of nanocrystals in the silicon network seems to feature blue luminescence, and thus smaller size, which explains changes on the line-shape of the blue-band in radiance spectra of LEDs modified with SiNs, with respect to that of the non-modified blue-LED. Best-fitting of radiance spectra of LEDs modified with different concentrations of SiNs using a three-Gaussiancurves deconvolution approach allows to clearly identify the blue luminescence contribution, centered around 470 nm with FWHM of 35 nm, that originates from SiNs with size around 1.8 nm, upon blue-LED excitation (see supplementary material 25 ). Nonetheless, blue luminescence contribution originating either from localized states in the silicon oxide shell or at the oxide/silicon interface of partially oxidized SiNs cannot be ruled out. 28 Figures 4(a)-4(d) clearly highlight that the more the SiN concentration the more the portion of the blue emission that is down-converted into red-light, thus changing the color appearance of the LED from blue to violet, magenta, and red as the SiN concentration increases. In particular, blue-LEDs modified with low-concentration of SiNs show an emission spectrum (Fig. 4(b) ) with a still dominant blue band; blueLEDs modified with medium-concentration of SiNs show comparable relative radiance values of blue and red emission bands (Fig. 4(c) ); blue-LEDs modified with highconcentration of SiNs show a dominant red band (Fig. 4(d) ). The LED bias current only affects the intensity of blue and red emission-bands, which linearly increases with the bias current for all the SiN concentrations (see supplementary material 25 ) while preserving the radiance spectrum lineshape. Noteworthy, an excellent stability of the color of SiNmodified LEDs with the LED bias current is achieved for all the SiN concentrations, as shown in Figure 5 in which no significant variations of x and y color coordinates and, in turn, of LED color of SiN-modified LEDs is observed as the bias current is increased from 40 to 120 mA.
Concluding, in this work, we demonstrate that nanostructured forms of silicon, specifically red-emitting SiNs embedded into a silicon network obtained by partial electrochemical erosion of silicon in acidic electrolyte, can be effectively used as non-toxic phosphor for tuning the color of commercial LEDs by changing the SiN concentration. Good reliability of the tuning process, with respect to SiN synthesis, and excellent stability of the tuning color, with respect to LEDs bias current, are demonstrated, thus envisaging stimulating perspectives in the field of light-emitting applications of SiNs.
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